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INTRODUCTION
The human foot is a complex anatomical and biomechanical structure. Obviously, due to the complex interaction between the anatomical structures it comprises, the foot is able to provide a stable base to support standing posture as well as change from flexible structure that dissipates impact as it strikes the ground and accepts the body's weight to a rigid structure that allows efficient propulsion during toeoff [11, 26] .
Bones of the foot are arranged in a longitudinal and transverse manner, forming a dome relative to the ground, which gives rise to longitudinal and transverse arches on the plantar aspect of the foot [9] . The longitudinal arch consists of medial arch on the medial side and a lateral arch on the lateral side of the foot. The medial arch is made up of calcaneus, talus, navicular, the three cuneiforms and first three metatarsals. The arch is higher above the ground compared to the lateral and transverse arches due to the orientation of its skeletal components. The lateral arch, on the other hand, is made up of the calcaneus, cuboid, and lateral two metatarsals. It is lower than the medial arch and lies in close contact with the ground in weight-bearing foot. Nevertheless, it plays a vital role in providing support as the body's weight is distributed to both medial and lateral arches during locomotion [29, 30] . The transverse arch traverses from a higher medial to lower lateral side of the tarsometatarsal region of the foot. It is made up of the three cuneiforms and cuboid proximally and bases of the five metatarsals distally.
Morphology of the medial arch is often used to categorise foot type into three: pes rectus, pes planus, and pes cavus. Pes rectus is a normal (normally aligned) foot. The arch height is within normal range and bisector of the posterior surface of the calcaneus is perpendicular to the ground. The arch height of pes planus (flatfoot) is below the normal range and the plantar aspect of the foot is in complete or near-complete contact with the ground. It is also characterised by everted calcaneus. Pes cavus is characterised by an abnormally high-arched foot with an inverted calcaneus. Evidently, the medial arch is the main point of reference in diagnosis of pes planus or pes cavus [32] , although the morphology of both lateral and transverse arches may also provide valuable information in the diagnosis of these deformities.
While it has been clinically explained that the medial and lateral arches function as a unit with the transverse arch [1, 17] , there is scarcity of data to quantify this relationship. Indeed, previous studies were mainly limited to the medial arch, while in reality; all the three arches contribute to support the diverse biomechanical activities of the foot. Moreover, it has been shown that motion of the lateral arch is similar to that of the medial arch [9, 14, 19, 20] ; whereas the transverse arch is essential to the stability of both arches [2, 22] . Thus, understanding the relationship between the arches of the foot is paramount. The objective of this study, therefore, was to examine how the three arches of the foot intercorrelate.
MATERIALS AND METHODS

Participants
Seventy-six individuals (58 males, 18 females) aged 18-35 years volunteered to participate in the study. The participants were randomly selected from patients attending Radiology Department of the Abubakar Tafawa Balewa University Teaching Hospital (ATBUTH), Bauchi, Nigeria. Their consent was sought as they attend the department for various radiological procedures. These participants had no history of lower extremity deformity (except flatfoot or high-arched foot). The study was carried out after receiving approval from Human Ethics Committee of the ATBUTH.
Procedures
Lateral radiographs of the right foot of each participant were taken. The participants were asked to stand on a custom-built wooden platform 25 cm high, keeping their feet beside two straight lines drawn 15 cm apart on the platform [4, 23] . They were also instructed to place equal weight on both feet. The radiographic film cassette was placed vertically adjacent to the medial border of the right foot. A longitudinal cut was made on the platform to guide placement of the cassette so that its lower edge can descend some distance inferior to the plantar aspect of the foot. The X-ray tube was kept at a distance of 100 cm from the cassette and the beam was centered horizontally at the lateral malleolus. The same exposure of 6.3 mAs at 55 KV was maintained for each participant while acquiring the radiographs. All radiographs were taken by the same radiographer.
Measurements
All measurements were made directly on the radiographs. Each radiograph was placed on X-ray viewer and a sharp clutch pencil was used to draw lines on the anatomical landmarks required for the measurements. Height ( Fig. 1 ) and angles ( Fig. 2) were measured using a plastic ruler and a universal plastic goniometre respectively. Navicular height (NH) was defined as the perpendicular distance from the most inferior aspect of the navicular bone to the horizontal supporting surface [15] . Medial cuneiform height (MCH) was measured as the perpendicular distance from the most inferior aspect of the medial cuneiform bone to the horizontal supporting surface [15] . Calcaneal inclination angle (CIA) was measured as the angle formed between the tangent to the inferior aspect of the calcaneus and horizontal supporting surface [25] . Calcaneal-first metatarsal angle (C1MA) was measured as the angle formed between the tangent to the inferior surface of the calcaneus and a line drawn along the dorsum of the midshaft of the first metatarsal [18] . Cuboid height (CH) was measured as the perpendicular distance from the most inferior aspect of the cuboid to the horizontal supporting surface [15] . The calcanealfifth metatarsal angle (C5MA) was defined as the angle formed between the tangent to the inferior aspect of the calcaneus and a line drawn along the inferior aspect of the base and head of fifth metatarsal [15] .
Statistical analysis
All statistical analyses were performed using IBM SPSS Statistics (version 22) software, Armonk, New York. The descriptive statistics of the variables measured were explored. Kolmogorov-Smirnov test was used to check whether the data were normally distributed before conducting further analysis. The level of significance in all statistical analyses was set at p < 0.05. Independent t-tests were used to determine whether mean differences exist between males and females in the measured variables. Homogeneity of variances was checked using Levene's test. Since no significant difference was obtained, the data were pooled in the subsequent analyses. A simple scatter plot showed a bivariate normal distribution between all variables. Strength of the relationship between the variables was determined using Pearson's correlation and the results were interpreted based on the guidelines of [5] : little/no correlation (0.00-0.24), fair correlation (0.25-0.49), moderate/good correlation (0.50-0.74), and good/excellent correlation (0.75-1.00).
RESULTS
The descriptive statistics of the variables studied are presented in Table 1 .
The results of the independent t-tests (presented in Table 2 ) indicates no significant difference between males and females for any of the variables (p > 0.05 and 95% confidence interval crosses zero in all variables).
The results of the Pearson correlations showed moderate to excellent correlations between the respective variables representing the three arches of the foot (Table 3) . The C1MA and C5MA were positively correlated, whereas their correlation with other vari- 
DISCUSSION
The medial arch is the chief load-bearing structure in the foot and clinically the most important of the three arches of the foot [10] . NH is proportional to the height of the arch and this makes the navicular bone a suitable reference point in examinations of arch deformities [24] . The present study obtained good correlation between this variable and other measures of medial arch morphology ( Table 3 ). The All variable showed strong significant linear correlation (p < 0.001); NH -navicular height; MCH -medial cuneiform height; CIA -calcaneal inclination angle; C1MA -calcaneal-first metatarsal angle; CH -cuboid height; C5MA -calcaneal-fifth metatarsal angle *p -no significant gender difference in all variables using independent t-test (p > 0.05); NH -navicular height; MCH-medial cuneiform height; CIA-calcaneal inclination angle; C1MA -calcaneal-first metatarsal angle; CH -cuboid height; C5MA -calcaneal--fifth metatarsal angle; CI -confidence interval correlation coefficients were 0.77, 0.71, and -0.77 with MCH, CIA, and C1MA, respectively. Thus, as the height of the medial arch decreases, the NH, MCH, and CIA also decrease whereas the C1MA increases. Indeed, these variables are important parameters in the examination of the morphology of the medial arch [15, 16, 25] . On the other hand, it has been previously reported that calcaneocuboid joint and fifth tarsometatarsal joints are associated with the height of the lateral arch [29] . Hence, CH and C5MA could be important indicators of lateral arch morphology. Indeed, both variables have been used to represent the lateral arch as well as to classify foot type [9, 15] . This study found a moderate negative correlation between these variables (r = -0.53). Thus, flattening of the lateral arch reduces the CH which in turn increases the C5MA.
Moderate to excellent correlation between the skeletal components of the medial and lateral arches has been observed in the current study (Table 3) . This finding is in agreement with Lautzenheiser and Kramer [13] who reported a good correlation between medial and lateral arches (r = 0.79). Additionally, the CIA has the highest correlation coefficient with C1MA (r = -0.90) and C5MA (r = -0.84) in our study, which indicates its relative importance to the aches. This finding is also supported by the findings of Lautzenheiser and Kramer [13] . The authors reported an excellent correlation between this angle and medial arch (r = -0.81) as well as the lateral arch (r = -0.94) [13] . This excellent correlation could be attributed to the fact that calcaneus is common to both arches. Therefore, its inclination (measured as CIA) is important to their morphology. Furthermore, all the three angles reflect the sagittal plane alignment of the hindfoot and forefoot [18] .
The correlation obtained between the measures of the medial and lateral arches could be better understood by considering the motions and relationship between the Chopart's joint and subtalar joint complex. The former joint lies in a plane transverse to the medial and lateral arches while the latter joint plays the role of the keystone during movements by distributing gravitational forces to the arches [29] . This relationship is as a result of the dual membership of the talonavicular joint. Firstly, the joint is part of the subtalar joint complex and secondly, it is anatomically and functionally linked to the calcaneocuboid joint to make up the Chopart's joint [27] . In addition, the longitudinal axes of Chopart's joint are similar to the longitudinal component of the subtalar joint axis, allowing inversion and adduction or eversion and abduction of the forefoot whereas, their oblique axes are similar to the axis of the ankle joint and provide mainly plantar flexion and dorsiflexion [6, 21] . Thus, these joints exhibit simultaneous complex movements that are associated with inversion and eversion of the foot. Inversion consists of plantar flexion, adduction, and supination of the subtalar joints and adductionsupination of the navicular and cuboid (respective keystones of medial and lateral arches). Eversion on the other hand, consists of dorsiflexion, abduction, and pronation of the navicular and cuboid [30] . Indeed, Kapandji [12] previously reported that both the navicular and cuboid glide inferiorly during supination and vice versa during pronation. Specifically, the navicular glides medially and inferiorly on the talar head, whereas the cuboid follows the navicular, moving medially and inferiorly on the calcaneus during supination. Conversely, these relative movements are reversed during pronation. Therefore, the navicular and cuboid consistently move as a functional unit at the same time and in the same direction relative to the calcaneus and talus [20] .
In view of the above, it can be clearly understood that deformation or elevation of the medial arch may lead to similar motion on the lateral arch. For instance, deformation of the medial arch as seen in pes planus deformities may result in the collapse of the lateral arch, except in rare cases such as pes planocavus deformity, a type of pes planovalgus deformity characterised by sagging of the medial arch and cavus deformity of the lateral arch [3] . On the other hand, abnormal elevation of medial arch such as in pes cavus deformities also elevates the lateral arch. The apex of both medial and lateral arches is not in contact with the ground regardless of whether the deformity is anterior, posterior or mixed [31] .
Clinically, the region of the transverse arch consists of complex skeletal and capsuloligamentous structures that provide stability to the midfoot and forefoot. Injury to this region involves at least some disruption of the transverse arch [7] , which subsequently flattens the medial and lateral arches [2, 22] . The complications of this injury commonly result to midfoot instability and planovalgus deformity, and less commonly the cavus deformity [22] . Indeed, a study among subjects with diabetes mellitus and peripheral neuropathy associated with Charcot neuroarthropathic midfoot deformity reveals limited ankle joint plantar flexion, reduced inversion of the subtalar joint and decrease in CIA [28] . Consequently, these changes result in flattening of the medial and lateral arches.
Despite its significance to the stability of both medial and lateral arches, the transverse arch receives the least attention in the literature. It has been reported that the configuration of the three cuneiforms, cuboid and metatarsal bases form buttress for the three arches [7] . Through this configuration, the medial cuneiform turns out to be a common skeletal component to the medial and transverse arches, while the cuboid is common to the lateral and transverse arches. The variables representing the transverse arch in this study were the MCH and CH. The correlation coefficient between these variables was found to be good in this study (r = 0.56). Good correlations have also been observed between these variables and other measures of the medial and lateral arches (Table 3) . Indeed, the morphology of the three arches can be significantly determined from the measurement of these bones. Furthermore, it is known that through the windlass mechanism, the plantar fascia coils around the metatarsal heads when the metatarsophalangeal joints are dorsiflexed, pulling the calcaneus and metatarsal heads closer. This reduces calcaneal eversion and increases midfoot and forefoot pronation [27] . Consequently, all the three arches become elevated. Conversely, according to Franco [8] , pronation of the forefoot, which flattens the medial arch, also causes flattening of the transverse arch by splaying the metatarsals. Thus, considering the findings of this study, the relationship between the three arches of the foot should be considered during the diagnosis and management of the deformities associated with arches of the foot. Similarly, this relationship should be taken into account when designing foot orthoses for the management of arch deformities.
Limitations of the study
There are some limitations to our study. Firstly, this study was carried out under static conditions which cannot represent the overall dynamic behaviour of the arches. Secondly, measurements were conducted on lateral radiographs alone, which are two-dimensional images. Thus, it is not possible to study the entire skeletal components of the arches. In particular, we did not include the keystone of the transverse arch (i.e. either of the intermediate cuneiform or the base of the second metatarsal as it has been debated).
Therefore, further three-dimensional in vivo studies are required to understand the relationship of the entire skeletal component as well as the morphological relationships of the arches during gait.
CONCLUSIONS
The present study has provided a quantitative data on the morphological relationship between the three arches of the foot. By implication, it may be understood that elevation or deformation of the medial arch, for instance, may generally bring about similar movements of the lateral and transverse arches and vice versa.
